Pertinent Quantities and Units

Physical Quantities
The following is a listing of physical quantities relating to proton therapy. Complete definitions can be found in ICRU Report 33 (ICRU, 1980) which also contains definitions of other radiation quantities that relate to neutral particles.
Because of the discrete nature of the interaction of ionizing radiation with matter, the phenomena described by radiation quantities are subject to fluctuations. In many practical situations, the deviations from the mean values that are represented by non-stochastic quantities are negligible and unless otherwise indicated, the quantities listed here are non-stochastic. In some instances, statistical deviations are important and two stochastic quantities that are subject to probability distributions are defined.
Values of radiometric and dosimetric quantities are generally a function of time and their differentiation with respect to time results in what are usually termed rate quantities. Thus the absorbed dose rate is given by dD dt '
(3.1) and conversely the absorbed dose delivered in a time interval Tis fT .
Because of this simple relation, it is sufficient to define either the differential or the integral type of quantity.
Many of the definitions incorporate products of quantities. For a monoenergetic beam, the energy flux, R, can be defined by R NE (3.3) where N is the particle flux and E the energy of the particles. Frequently, the beam of particles has a distribution of energies in which case the energy flux becomes The units employed are those of the International System (SI) with the special name gray (Gy) for 1 J kg-1 reserved for dosimetric quantities. Certain units (electron volt, minute, etc.) may be employed with the SI and it is also customary to employ multiples and submultiples of units (e.g. keVmm-1 ). The units of the quantities defined below are indicated in parentheses.
Radiometric Quantities
The (particle) flux is
where dN may refer to the number of particles emitted, transmitted or absorbed (e.g., in a beam of protons) in time dt.
The energy flux, as indicated above, is defined as
for a monoenergetic beam, where E is the particle energy (e.g., R is the energy transmitted in a proton beam per unit of time). The other radiometric quantities, as well as the dosimetric quantities, are point functions and, in general, their measurement requires instruments in which the sensitive elements have small geometric dimensions.
where dN is the number of particles traversing a sphere of cross-sectional area da centered at the point of interest. In the case of a unidirectional beam, da is simply an area perpendicular to the beam.
has been symbolized by the lower case Greek letter rather than by <b .
Analogously the energy fluence is
and the energy fluence rate is (3.10)
Interaction Coefficients
The mass electronic stopping power is
where dE is the mean energy lost by a charged particle in electronic collisions while traversing the distance dx in a material of density p. In this notation, mass electronic stopping includes all interactions with atomic electrons either individually, denoted electronic in the notation ofICRU Report 49 nCRU, 1993), or collectively, denoted nuclear in the notation of ICRU Report 49. Radiative transitions and nuclear interactions are not included.
pdx is termed the areal density, S the linear stopping power. Sip depends on the composition ofthe material and on the nature and energy of the charged particle. In the range of energies that are employed in therapy, protons expend most of their energy in electronic collisions with a negligible loss by radiative processes. These radiative processes become significant only at energies exceeding 1 Gev. The energy involved in elastic and non-elastic nuclear interactions is not included in Sip.
The linear energy transfer or restricted linear collision stopping power is defined by:
( 3.12) where dE is the energy expended by a particle traversing a distance dx reduced by the kinetic energy of electrons with energy greater than ,1. This quantity is usually termed the LET. L", (also written as L) is equal to S.
The mean energy expended in a gas per ion pair formed is
where E is the total energy of a charged particle and N is the mean number of ion pairs it produces when it is completely stopped in a gas. W depends on the composition of the gas and on particle type and energy. The dependence on energy may require the differential quantity w(E) = dE I dN in ionization measurements.
Dosimetric Quantities
A very useful quantity called cema (converted energy per unit mass) has been introduced (Kellerer et al., 1992) and is defined as
Cema, C, represents the energy lost by heavy charged particles through electronic interactions in a manner analogous to the way in which kerma represents the energy transferred to directly ionizing particles by indirectly ionizing particles (Roesch, 1958; ICRU, 1980) . This quantity, which is equal to the energy lost in electronic interactions by a fluence of charged particles per unit mass of an irradiated specified material, may refer to a point inside another material or to a material in free space.
The absorbed dose is defined as D = de/dm, (J kg-lor Gy) (3.15) where de is the mean energy imparted to matter of mass dm. The bar over s is employed to provide a distinction from the stochastic quantities listed below.
Due to energy transport by secondary electrons (delta rays), absorbed dose cannot be identical to cema. Although the maximum delta ray range for 250 MeV protons in tissue is approximately 2.5 mm, the vast majority of delta rays produced in proton therapy beams have ranges considerably smaller than 1 mm. Thus, complete delta ray equilibrium can be assumed to exist throughout irradiated matter and absorbed dose and cema can be considered to be numerically equal.
Stochastic Quantities
Statistical fluctuations of the energy imparted by individual protons are large in volumes comparable to those of cells, their nuclei or smaller biological units. These fluctuations are of negligible importance in clinical absorbed dose measurements but will be considered in more detail in Part II of this Report. The stochastic quantities refer to observed rather than expected (mean) values of energy.
The lineal energy is defined by
where s is the energy imparted in an energy absorption event to the matter in a volume of interest, and I is the mean chord length in the volume. The volume is usually taken to be a sphere of diameter d, and then I = (2/3) d. The term (energy absorption) event refers to energy deposition by one charged particle or a group of correlated particles (e.g., a proton and its delta rays).
A probability density distribution f(y), describes the distribution ofy. The mean value ofthis distribution is referred to as the frequency average and is given by: YF = fa'" yf(y) dy.
( 3.17) The dose weighted average of y is written as: YD = (lIYF) fa'" y2f(y) dy.
( 3.18) The specific energy is z = sim, (J kg-lor Gy) (3.19) where s is the energy imparted to matter of mass m. z may be due to one or more energy deposition events. The probability (density) distribution f(z) depends on m.
The mean value of z is z = fa'" zf(z) dz = 15, (3.20) where D is the mean absorbed dose in the mass for which f (z) is determined. It should be noted that limm~oz = D.
